Hexagonal boron nitride (h-BN) adsorbed on metal surfaces shows great promise for applications in nanoscience. Depending on the nature of the substrate, effects such as an extended corrugation of the monolayer can be observed and utilized, e.g. for the patterning of adsorbed molecules. Here we present an in-depth computational study of the structural and electronic properties of a 6 nm Moiré pattern formed by a rotated layer of h-BN on a Cu(111) surface. In contrast to related systems, the h-BN layer undergoes only minute structural changes upon adsorption. Nevertheless, the projected density of states at various atoms in the cell and the electrostatic potential above the surface are periodically modulated, leading to the experimentally observed electronic corrugation. We rationalize this observation with the variation in adsorption registry resulting in periodic changes of the lateral, rather than vertical, h-BN-Cu distances.
Introduction
Two-dimensional molecular sheets adsorbed on metallic substrates have received a lot of attention in recent years.
1 Such materials have shown promise for applications in nanoscience, particularly for nanoelectronics, 2 chemical sensing, 3 and as template surfaces for molecular assembly. 4, 5 Frequently graphene adsorbed on metals is studied in this context, but its isoelectronic analog hexagonal boron nitride (h-BN) exhibits equally interesting and versatile properties. Both the lattice mismatch between h-BN and the substrate surface and the interaction strength have a strong inuence on the structural and electronic properties of the adsorption system. Thus h-BN forms the strongly corrugated nanomesh on a Rh(111) surface 6 but at layers on Ni(111) and Cu(111).
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As an innite layer is adsorbed onto a substrate with a sufficiently different lattice constant, the mismatch results in the formation of approximate superstructures with large unit cells. 8 In such a system the position of atoms in the overlayer relative to those of the substrate (adsorption registry) is not uniform, but varies periodically. If no buckling or reconstruction of the monolayer occurs, this lateral variation results in a Moiré pattern on the surface, i.e. a two-dimensional array of so-called moirons. 8 In addition to the mismatch of lattice constants, a rotation of the layers relative to each other also inuences the periodicity of such patterns. An example of a long-range Moiré lattice was reported for graphene on Ru(0001), which forms a 25 Â 25 unit cell on a 23 Â 23 Ru unit. 9 Subsequent Density Functional Theory (DFT) calculations of this system (modelled as a 12-on-11 superstructure) elucidated its structure in great detail. [10] [11] [12] In particular, it was found that the corrugation observed in scanning tunneling microscopy (STM) experiments originated mainly from a substantial structural buckling of the monolayer, which led to a lateral variation of the graphene electronic structure.
Although so far not exhaustively investigated, Cu(111) is a promising surface for h-BN adsorption. During the last decade, a number of theoretical and experimental studies have been published. 7, 13, 14 Technologically, large-scale growth of h-BN on Cu is important for the mass production of foils used as substrates for graphene-based devices. 14, 15 Most recently, the h-BN/Cu system was studied in great detail with STM. 16 It was found that, although the monolayer is at and resides at a relatively large distance from the metal surface (3Å), the system exhibits periodic patterns with large planar periodicities of 5 to 14 nm. This corrugation was found to be predominantly electronic in nature, and tentatively rationalized with the modulation of the positions of B and N relative to the Cu atoms over the supercell. However, to thoroughly understand this system, further insight at the atomic level is needed.
In this work we present an in-depth study of a rotated 24 Â 24 h-BN layer on a 23 Â 23 Cu(111) surface, forming the unit cell of a Moiré pattern with a periodicity of 5.9 nm, closely related to the experimentally observed structures. The large cell size and accordingly high number of electrons make this -to our knowledge -the largest rst-principles simulation of such a system to date. We aim to complement the recently published results on the electronic corrugation of h-BN on Cu(111) 16 by providing insight into the geometric and electronic structure of the system as obtained from DFT calculations. In the rst section we describe structural and energetic properties, subsequently present simulated STM and electronic structure data and in the nal section we discuss the connection between adsorption registry and the electronic structure.
Computational details
Our computational set-up is analogous to the one we have successfully validated and used also for other h-BN-metal systems. 17 We only briey summarize the essential points here. All calculations are carried out using DFT within the Gaussianplane wave formalism as implemented in the Quickstep module 18 of the CP2K 19 program package. The valence electrons (11, 5 , and 3 electrons for Cu, N, and B respectively) are described using Double-Zeta Valence Polarized basis sets of the MOLOPT 20 type. Goedecker-Teter-Hutter pseudopotentials 21 are used to approximate the atomic cores. The exchangecorrelation energy is treated using the revised PBE functional,
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and the DFT-D3 dispersion correction 23 is applied to take into account long-range van der Waals interactions. The electron density is expanded in plane waves up to a cut-off energy of 500 Ry. Projected Density of States (PDOS) plots are smoothed using a convolution with Gaussian functions with a width of 0.03 eV for better readability and comparability. Simulated STM images are produced using the Tersoff-Hamann approximation 24, 25 with an s-type tip at an isolevel of 5 Â 10 À7 electrons perÅ 3 .
Here, the topography of the isocurrent surface is determined by calculating the height at which the local electron density, modulated by an exponential of the local work function, remains constant.
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The system consists of a hexagonal 4-layer slab of Cu(111) of 23 Â 23 atoms, with the bottom layer xed at the bulk interatomic distances. The h-BN overlayer contains 24 Â 24 BN units and is rotated by 2.11 degrees relative to the metal. This rotation causes a number of atoms along the cell boundary to overlap with their periodic replicas. These excess atoms are therefore removed, giving a total of 553 BN units in the monolayer. In total, the system consists of 3222 atoms, with 27 700 explicitly treated electrons. The planar lattice constant of h-BN is 2.515Å and that of Cu is 2.571Å, slightly adjusted from the one previously used 17 for Cu so as to make the two layers fully commensurable. The mismatch of lattice constants (2%) is compensated by the larger number of BN units with respect to the number of substrate units and the monolayer rotation.
3 Results and discussion 3.1 Adsorption energetics and the adsorbate structure Table 1 summarizes some energetic and structural results determined for the system at hand. We dene the interaction energy E int according to eqn (1) , where E m opt refers to the total energy of the relaxed Moiré system, while E BN and E Cu are the total energies of the monolayer and metal, respectively, with atomic coordinates equal to those in the optimized full system.
The energy differences due to the structural changes caused by the adsorption are characterized by reorganization energies E BN r and E Cu r , following eqn (2) .
refers to the energies of the respective subsystems with unoptimized, i.e. bulk, geometries.
Our results indicate that there is a substantial binding interaction between the h-BN layer and the substrate. However, the main component thereof is the van der Waals energy contributed by the D3 correction, without which the interaction would be repulsive at the distance obtained from the DFT-D3 optimization. On the one hand, this fact underlines the known 11,17 importance of taking into account dispersion effects in such systems. On the other hand, one expects therefore that monolayer-surface interactions will be laterally mostly unspecic and uniform. As is evident from the much smaller values of the reorganization energies, the structures of h-BN and Cu undergo only small changes upon adsorption.
The small magnitude of the changes upon adsorption is also directly seen from the optimized structure of the system. The average vertical monolayer-surface distance d
BN
Cu is rather large, while the buckling of the h-BN layer, d BN b , is negligible. We dene the latter quantity as the average vertical displacement of a B atom from the plane of its three surrounding N atoms and vice versa. The maximum difference in the h-BN-surface distance, Dd BN Cu , is also small compared to the large lateral dimensions of the cell. Interestingly, this difference originates not only from a change of the vertical B and N positions, but to a lesser extent also from a corrugation of the Cu surface on the order of 0.1Å. Dd BN Cu is smaller by a factor of 10 compared to the equivalent distance in graphene/Ru(0001), 1.5Å, 10 and h-BN/Rh(111), 1.0Å. 17 All these quantities indicate that the monolayer remains at both locally and over the entire supercell despite the variation of the registry. We attribute this to the mostly unspecic and weak h-BN-metal interaction, leading to a lack of preferential attraction of particular regions of the cell. Similar systems of both large and small lattice mismatches tend to be either periodically corrugated (h-BN nanomesh 6 ) or locally buckled (h-BN/Ni(111) 26 ). Laterally, the B-N bond lengths, d BN , are narrowly distributed around an average value of 1.452Å, corresponding to a planar lattice constant of 2.515Å. The additional unit cell compared to the metal (24-on-23) and the rotation of the monolayer thus make it possible to retain a commensurate lattice without an appreciable stretching of bonds to accommodate the 2% mismatch with Cu(111). Also, d BN remains uniform across the entire surface area, exhibiting an almost negligible modulation.
We have previously reported results from calculations of commensurate 1 Â 1 h-BN on Cu. 17 The monolayer can be placed in six different high-symmetry registries relative to the substrate: N top B fcc , N top B hcp , N hcp B fcc , and three that result from these upon exchange of B and N. For these systems, E int ranges from À0.262 to À0.298 eV/BN, slightly larger than what we obtain for the Moiré cell. However, the monolayer has to stretch by 2% in order to remain commensurate in that case. For free-standing h-BN this stretching energy amounts to 0.045 eV/BN, shiing the E int range to bracket the Moiré value. Structural parameters of the large system, such as d Based on the mathematical relations for Moiré patterns derived by Hermann, 8 the lattice mismatch and overlayer rotation in our system give rise to a "Moiré factor" k of 23.05, which is in very good agreement with the actual dimensions of the supercell. Due to the misalignment of the layers, the adsorption registry of h-BN varies across the surface of the cell. An atom in the monolayer can occupy positions above one in the rst (top registry), second (hcp), or third (fcc) substrate layer, as well as intermediate (bridging) sites. In Fig. 1 we indicate the registry of each atom in the N-and B-sublattices of the monolayer by color. The lateral distance of an atom to its closest partners in the rst three layers is plotted as the red, green, and blue components, respectively. Thus, points with the brightest shade of red indicate atoms closest to top positions, hcp are green and so forth. This allows for a straightforward view of the registries occurring in the supercell.
It is immediately evident that both B and N atoms occupy all three adsorption registries relative to Cu in approximately equal proportions. Additionally, there are boundary regions (3 to 4 BN units wide). They indicate atoms in bridging and intermediate sites. Note furthermore the differences between the two sublattices, which follow a cyclic pattern; regions with B top contain N hcp , B hcp contain N fcc , and B fcc contain N top . The strongest variation of the adsorption registry occurs along the cell diagonal. Here, both atom species occupy all three registries and the corresponding transition zones. We indicate in the gure the diagonal starting at the top-right nitrogen atom, which we will refer back to in later sections.
Simulated STM images and electronic structure
STM experiments have revealed numerous interesting aspects of the h-BN-Cu system. In particular, it was observed that the surface shows a pattern of apparent height characterized by hills and valleys, which inverts at an applied bias voltage of 4.5 V. The fact that the topography varies strongly with the voltage indicates that the observed corrugation is predominantly electronic and not structural. Fig. 2 shows a simulated STM image for the h-BN-Cu Moiré system at a bias of +1.0 V. The image shows a pattern of rounded hexagonal regions with a higher STM topography prole (brighter color) surrounded by darker, lower areas. The area directly above the elevated "hill" region contains more pronounced atom-like points with slightly greater height than the rest of the dark areas. The hill is surrounded by a fringe of lower elevation.
The central hill area corresponds approximately to the region with mostly N top B fcc adsorption registry. The other two discernible areas are those with N fcc B hcp (dark) and N hcp B top (faint yellow points) registries. The overall variation of apparent height is approximately 0.3Å, comparable to what is found experimentally for these bias voltages. As the topographic height is calculated from both the electron density and the electrostatic potential, the structural and electronic corrugations are convoluted. Therefore, the peak-to-peak height difference is larger in the simulated STM than in the optimized structure.
The electrostatic potential (ESP) above the surface can give further insight into the electronic structure of the studied system. Expressed relative to the Fermi energy, it reects the local work function F. The three distinct regions of ESP are largely coincident with the three main areas of different contrast in the simulated STM images, although their shapes tend to be more rounded. The lateral variation in F we nd is smaller than indicated by experiments (0.3 eV (ref. 16)), but qualitatively comparable as the hill is characterized by a lower work function than the valley. We nd values of 3.64 eV and 3.78 eV for the minimum and maximum work functions, respectively. These values are also somewhat smaller than what is found experimentally (3.8 and 4.1 eV). Fig. 4 shows plots of the projected densities of states (PDOS) on various atoms on the cell diagonal. We only indicate those states that are most strongly involved in the metal-substrate bonding, i.e. the p z states of B and N and the d z 2 states of Cu. We focus on two regions of differing adsorption registry, N top and N fcc and indicate for comparison the PDOS of these atoms in the isolated BN or metal. The lower panels in Fig. 4 show the PDOS from 1 Â 1 calculations of N top B fcc and N fcc B hcp arrangements. The PDOS on nitrogen appears to be the one most affected by binding to the substrate. Compared to the p z states of the free layer, the main band at approx. À3 eV broadens upon adsorption and the magnitude of the PDOS is lowered, indicating some polarization away from N. An additional peak at about À1.9 eV appears in the PDOS of N in the fcc position, absent from both the free and the fcc curves. As this N atom is closest to the underlying Cu in the topmost layer, this peak presumably appears due to the increased interaction with the metal orbitals. Besides the emergence of this new feature, the p z bands are also shied by approximately 0.2 eV. The fcc curve remains closer to the Fermi level, and is even somewhat up-shied from the band of the free monolayer. Note, however, that the N top region of the cell has a lower work function. This can be rationalized with the shi of the main bands to lower energies. The down-shi of the N top band and the emergence of the additional small peak can also be seen in the corresponding 1 Â 1 PDOS data. This would indicate that the local environment within the Moiré pattern is the major inuence on the PDOS.
The PDOS for the B atoms in the same regions are shown in Fig. 4b . Here, amplitudes are lower by approximately a factor of 2 from the nitrogen case, and the curves are generally at, with a gentle onset between À2 and À4 eV. The effect due to the adsorption is less visible, but we still observe a lowering and broadening of the PDOS curve. It should be noted that here B is found in B fcc and B hcp positions, being in both cases laterally distant from the topmost Cu, which presumably leads to weaker interactions. Close similarities with the 1 Â 1 PDOS are also evident here, such as the relative shi of peaks and the position and width of the band gap.
The metal d z 2 states (Fig. 4c) appear to be least affected by the adsorption of the monolayer. The bands largely retain their double-peak structure and do not shi. Only a small depletion may be observed in the N top case, hinting perhaps at the polarization from N to Cu noted above. By and large, the situation on the Moiré is comparable to the 1 Â 1 case, with some small changes in the ner structure of the features. It has been suggested 7 that the Cu d z 2 orbitals are largely unaffected by the h-BN-substrate interaction, which is instead dominated by p z -4s hybridization. Our data support this notion, showing on the one hand only marginal changes in the d z 2 bands, and on the other hand a lowering and broadening of the 4s states in the range between À4 and À2 eV (see Fig. S1 in the ESI †). This is indeed evidence of some s-p z hybridization, which, although subtle, is the major contribution to the binding between the monolayer and substrate aside from the van der Waals interaction. Also these states, however, remain mostly unaffected by a change of the N registry, showing only very slight broadening in the N top conguration, compared to the N fcc case. Our results are in good agreement with electronic-structure data published by Laskowski and co-workers. 13 Qualitatively, our data conrm the notion that the DOS of the metal surface remains mostly unchanged upon adsorption and that changes are subtle also in the adlayer. However, they only report adsorption in one registry, so that the effect of the relative placement of h-BN cannot be directly compared. Also quantitatively our results are similar to theirs, with Cu-d z 2 band onsets just above À2 eV, a N-p z peak at roughly the same position, and the gentle B-p z onset between À4 and À2 eV. Having presented the geometric and electronic properties of this Moiré system, we now relate the two in the next section.
Relationship between the geometric and electronic structure
As shown in the preceding sections, the electronic structure varies across the Moiré supercell, while the adsorbed monolayer is largely at throughout. Our results are thus in contrast to previous studies of related adsorption systems, which have commonly rationalized a corrugation of the electronic structure with the pronounced concomitant corrugation of the monolayer.
10,12,27 From a comparison of Fig. 2 and 3 with Fig. 1 it becomes evident that the patterns of the electronic structure resemble those produced by the lateral variation of the adsorption registry. It has already been suggested 16 that the modulation of the registry is responsible for the observed electronic corrugation of the surface. In this context our calculations serve to provide an atomic-scale rationalization for this observation.
The most pronounced variation of the adsorption registry occurs along the diagonal of the surface (vide supra), which we therefore examine in greater detail as a model for the entire supercell. In the top panel of Fig. 5 we plot the lateral distance of N atoms to their closest partners in the top, hcp and fcc layers along the diagonal (the black line in Fig. 1 ). For comparison, the vertical distance d Cu to the metal surface is also plotted on the same vertical scale (shied down by 2.5Å). This plot illustrates the registry variation in greater detail than Fig. 1 ; the lower a point, the closer is a particular N atom to the ideal registry of that layer. We observe three minima, corresponding to almost "pure" N top , N hcp , and N fcc sites and three intersections of curves indicating interstitial positions. Over the same lateral distance, the topographic height remains largely unchanged, with a peak-topeak difference of 0.12Å. Fig. S2 in the ESI † shows the analogous plots for the registry of B along the same diagonal. The same picture emerges, with the exception of a phase shi, putting the B fcc minimum at the position of the N top minimum, corresponding to the co-occurrence of these registries noted above.
In the preceding discussion of the p z PDOS of nitrogen, we remarked the shi of the band onset and emergence of a small secondary peak for two registry extremes. Fig. 5b shows the position (in eV) of the ank of the band onset and the position of the peak in the PDOS projected on each atom along the diagonal. For this purpose, we have arbitrarily dened the onset of the ank (E  ) as the point where the value of the PDOS is equal to 0.040 states per eV, and the onset of the peak (E p ) as the point with a value of 0.020 states per eV. E  varies in a range greater than 0.4 eV, with one pronounced minimum, while E p follows an inverted trend with a somewhat smaller range of onset energies. By comparing this plot with the variation of the surface registry, it is obvious that E  closely tracks the curve of the top registry, and E p follows it with the opposite sign. Thus, at the point where the N atoms are closest to an underlying Cu, their p z anks are most strongly shied to lower energies, while the smaller feature is closest to the Fermi level. In the opposite extreme of a large lateral N-Cu separation, the two features are closest together and the peak disappears into the ank (note the shi of curves in Fig. 5b) .
Evidently, the distance between a N atom and its closest Cu strongly inuences the local electronic structure of that atom. In the present system, however, it is the lateral rather than the vertical distance which is responsible for the shi of the PDOS features, as it is much more strongly modulated along the cell diagonal. Additionally, when the metal slab is removed, the variation of the electrostatic potential is reduced by a factor of 3.5, conrming that the monolayer corrugation plays a minor role in modulating the electronic structure. Fig. 5c shows a cut through the electrostatic potential (cf. Fig. 3 ) on the cell diagonal, 3.4Å above the surface. While the variation is smaller than that based on the PDOS features, it also follows the same characteristic variation related to the N top registry. Thus, the work function reaches a minimum at N top and a maximum at N fcc positions. We relate this to the trend of E  , indicating that the conduction band is down-shied furthest exactly at positions of smallest F, and vice versa. The absolute value of the work function should decrease as cuts of the electrostatic potential are considered further away from the surface. This is also the reason why the peak-to-peak difference of the ESP gets progressively smaller at larger distances, as the local features of the electronic structure are increasingly smeared out. A difference of 0.14 eV at 3.4Å is reduced to 0.092 eV at 4.8Å and 0.073 eV at 6.3Å.
Based on these data, it becomes evident that the adsorption registry connects the electronic structure with the underlying geometry. The lattice mismatch and rotation of the monolayer cause a modulation of the adsorption registry over the cell. This in turn results in a periodic variation of the (lateral) B,N-Cu distances, changing the hybridization between metal and BN. Consequently, features of the PDOS change depending on the position of each atom, resulting nally in a modulated electrostatic potential at considerable distance above the surface. Therefore, the experimentally observed electrostatic corrugation can originate without signicant structural changes.
Conclusions
Our results support the previously reported notion that the interaction between h-BN and Cu is rather weak 7, 13 and causes only minute structural changes in both the adsorbate and substrate. Over short length scales, the small mismatch between the two lattices facilitates the formation of quasicommensurate 1 Â 1 structures. Depending on the relative placement of the layers, these can differ with regard to energetic and electronic properties, but variations are generally small. We attribute this to the weak electronic interaction between the substrate and monolayer, resulting in a predominantly physisorption-like binding governed by van der Waals interactions. This inertness of Cu to h-BN can be favorable for applications where it is desirable to decouple an adsorbate from the metal surface or when the monolayer is to be detached from the substrate aer formation.
However, experimental evidence 16 combined with theoretical knowledge about the formation of Moiré patterns on surfaces 8 suggests that there is more to the story of h-BN on Cu(111). Our results conrm and substantiate the observations of electrostatic corrugation in h-BN-Cu without concomitant structural deformations. Such patterns could be utilized to preferentially adsorb molecules on particular areas of the surface and thus assemble well-dened two-dimensional arrangements. As the h-BN layer in the present system remains at, adsorption of large two-dimensional molecules should be facilitated since there are no pores that impose steric constraints on the adsorbate. One could envision tuning the periodicity of the electrostatic corrugation by modifying the rotation angle and lattice mismatch in order to obtain ne control over adsorbate placement. In summary, our study has led to a deeper understanding of a large h-BN-Cu Moiré system at the atomic-scale. As we analyze the electronic structure of the surface (using simulated STM images, projected densities of states, and the electrostatic potential) it becomes apparent that these features are correlated with the distance between B or N and the topmost metal atoms. We show that, as the monolayer remains structurally uncorrugated, the lateral modulation of the adsorption registry is the main factor responsible for the change in interatomic distances, thus affecting hybridization and with it aspects of the electronic structure.
